INTRODUCTION
============

The mitochondrial theory of aging remains to be one of the most popular ones ([@b27-molce-38-12-1054]). In the 1950s, the push in radiation biology research led to the discovery of oxygen toxicity, and Gerschman showed that the oxygen poisoning observed upon X-ray irradiation produced its lethal effect by forming free radicals in the exposed cells ([@b12-molce-38-12-1054]). Harman observed that irradiation generated oxygen radicals that probably caused premature aging. However, normal living cells also produce oxygen radicals. Hence, Harman theorized that endogenously generated oxygen radicals might initiate the aging process ([@b17-molce-38-12-1054]). In 1961, the respiratory system in mitochondria was first identified and studied at the molecular level ([@b24-molce-38-12-1054]). Fridovich et al. purified superoxide dismutase from bovine erythrocytes, which directly detoxified the superoxide radicals generated as byproducts of the electron transport chain (ETC) ([@b23-molce-38-12-1054]). Based on these discoveries, Harman proposed the mitochondrion to be the biologic clock in mammals, and these ideas were further developed into a theory called the "mitochondrial theory of aging" ([@b18-molce-38-12-1054]).

In eukaryotic cells, mitochondria are essential organelles that are the sites of energy production. The primary function of mitochondria is releasing the energy contained in nicotinamide adenine dinucleotide (NADH) through oxidative phosphorylation ([@b2-molce-38-12-1054]). Mitochondrial function declines with age, which is marked by a decrease in mitochondrial capacity, biogenesis, efficiency, and DNA copy number ([@b2-molce-38-12-1054]; [@b4-molce-38-12-1054]; [@b6-molce-38-12-1054]; [@b7-molce-38-12-1054]; [@b8-molce-38-12-1054]). The budding yeast *Saccharomyces cerevisiae* has been used to discover longevity genes and reveal aging mechanisms ([@b20-molce-38-12-1054]). Interestingly, *S. cerevisiae* can live without mitochondria; therefore, it is a good model for studying the mitochondrial respiratory system during aging ([@b3-molce-38-12-1054]). *S. cerevisiae* is a facultative anaerobe that prefers fermentation in glucose-rich culture media but switches to respiration (diauxic shift) upon glucose depletion. However, mitochondrial respiratory system-deficient mutants are viable and can be easily isolated ([@b3-molce-38-12-1054]). Because *S. cerevisiae* can survive by using fermentation instead of respiration, mutations in genes associated with mitochondrial function in *S. cerevisiae* may have few effects. In a previous microarray study, we identified several genes encoding components of the mitochondrial ETC that were positively correlated with caloric restriction (CR)-associated longevity in *S. cerevisiae* ([@b21-molce-38-12-1054]). Furthermore, we confirmed that the protein synthesis of mitochondrial ETC components increased under CR ([@b5-molce-38-12-1054]). Based on these results, we hypothesized that mitochondrial efficiency and capacity might be important factors for life span extension by CR.

The ETC is the workhorse in mitochondria that produces adenosine triphosphate (ATP) through oxidative phosphorylation. However, mitochondria also generate several reactive oxygen species (ROS) as byproducts during this process. According to the mitochondrial free radical theory, aging is caused by oxidative stress resulting from the accumulation of mitochondrial ROS at the cellular and tissue levels ([@b2-molce-38-12-1054]). The primary mitochondrial ROS is the superoxide radical produced by complexes I and III ([@b25-molce-38-12-1054]). Normally, mitochondrial manganese superoxide dismutase (Mn-SOD) immediately breaks down superoxide radicals into less-reactive hydrogen peroxides ([@b14-molce-38-12-1054]). The reactivity of superoxide and hydrogen peroxide is not sufficient to directly damage mtDNA ([@b29-molce-38-12-1054]). However, superoxide can directly damage Fe-S clusters in the ETC components of the mitochondrial inner membrane, mainly complex I, II, and III, even before the antioxidant intervention. Damaged Fe-S clusters release Fe^2+^ ions, which produce hydroxyl radicals by reacting with mitochondrial superoxides and hydrogen peroxides ([@b33-molce-38-12-1054]). These hydroxyl radicals can directly damage proteins, fatty acids, and mtDNA ([@b28-molce-38-12-1054]). Increased damage could cause mitochondrial malfunction, further increasing the generation of ROS ([@b9-molce-38-12-1054]). Mitochondrial superoxide levels are strongly correlated with life span, because among all the antioxidant-deficient mutants examined, the Mn-SOD-deficient mutant had the shortest life span during chronological aging ([@b10-molce-38-12-1054]). However, the effect of the Mn-SOD mutation was not consistent in all species. Although Mn-SOD mutations decrease the life span of flies ([@b11-molce-38-12-1054]) and mice ([@b22-molce-38-12-1054]), much like that of budding yeast, this mutation extended the life span of worms ([@b32-molce-38-12-1054]).

Here, we hypothesized that mitochondrial ETC components play important roles in determining the life span of *S. cerevisiae* during chronological aging. Hacioglu et al. measured the replicative life span (RLS) of respiratory chain single gene knock-out (KO) strains ([@b16-molce-38-12-1054]). They found that single gene deletions of *NDE1, TCM62, RIP1, CYT1, QCR8, PET117, COX11, ATP11,* and *FMC1* shortened the RLS compared to that of wild type. Despite measuring ROS production, mitochondrial membrane potential (MMP), and respiration capacity in these short-lived strains, they could not determine the mechanism underlying the shorter RLS ([@b16-molce-38-12-1054]) because the ROS and MMP measurements were obtained at a single point in very early exponential growth phase when the KO and wild-type strains were indistinguishable. In this study, we systematically analyzed the role of the mitochondrial ETC system during the entire chronological aging process by using the yeast ETC deletion library. The results of our study provide new evidence for the importance of mitochondrial efficiency and respiration in the aging process.

MATERIALS AND METHODS
=====================

Yeast strains and culture conditions
------------------------------------

All *S. cerevisiae* strains were obtained from the Open Biosystems Yeast library. The strains used include wild type BY4741 (*MATa his3Δ1 leu2Δ0 met15Δ0, ura3Δ0*) and 33 isogenic single deletion mutants (*nde1Δ, nde2Δ, ndi1Δ, sdh1Δ, sdh2Δ, sdh4Δ, cor1Δ, cyt1Δ, qcr2Δ, qcr6Δ, qcr7Δ, qcr8Δ, qcr9Δ, qcr10Δ, rip1Δ, cox5aΔ, cox5bΔ, cox6Δ, cox7Δ, cox8Δ, cox9Δ, cox12Δ, cox13Δ, atp1Δ, atp4Δ, atp5Δ, atp7Δ, atp15Δ, atp17Δ, atp18Δ, atp19Δ, atp20Δ,* and *tim11Δ*). All strains were validated by polymerase chain reaction-based genotyping with specific primer pairs (Supplementary Fig. S1).

Frozen yeast strains were streaked onto yeast extract-peptone-dextrose (YPD) agar plates containing 2% Bacto^™^ agar, 1% Bacto^™^ yeast extract, 2% Bacto^™^ peptone, and 2% Difco^™^ dextrose (BD Bioscience, USA), and incubated at 30°C to obtain single colonies. Isolated colonies were separately inoculated into 10 ml of YPD medium containing 1% Bacto^™^ yeast extract, 2% Bacto^™^ peptone, and 2% Difco^™^ dextrose and cultured overnight. The seed cultures were inoculated into 10 ml of fresh 2% glucose-containing YPD medium for 10 min and subsequently inoculated into 20 ml of medium with the same composition at an initial optical density at 600 nm (OD~600~) of 0.05. All yeast cultures were incubated at 30°C in an orbital shaker at 200 rpm.

Screening for respiratory-deficient strains
-------------------------------------------

To screen for respiratory deficiency, the 33 mutant strains were spotted on 2% glucose-containing YPD and 3% glycerol-containing YPG plates. Overnight cultures were serially diluted to an OD~600~ of 0.2, 0.02, 0.002, and 0.0002, spotted on YPD and YPG agar plates, and incubated at 30°C until colony formation. The colony-bearing plates were imaged using an ImageQuant^™^ Las 4000 mini Bio-molecular imager (GE Healthcare, Sweden).

Oxygen consumption rate (OCR)
-----------------------------

OCR was assessed using a Clark-type electrode in samples prepared from cultures on day 1. Briefly, cells were collected by centrifugation, and the cell pellet was resuspended in 1 ml of 2% glucose-containing YPD medium. Then, oxygen consumption was measured in these cells using an Oxygraph Plus system (Hansatech instruments, UK) at 30°C.

Assessment of chronological life span (CLS), and measurement of MMP and mitochondrial superoxide
------------------------------------------------------------------------------------------------

CLS was assessed using propidium iodide (PI), and MMP and mitochondrial superoxide levels were measured by flow-cytometry using 3,3-dihexyloxacarbocyanine iodide (DiOC~6~) fluorescent dye (Invitrogen, USA) and MitoSOX Red^TM^ (Invitrogen), respectively, as previously described ([@b7-molce-38-12-1054]).

Colony-forming unit (CFU) assay
-------------------------------

CFU assay was performed to determine viability, with independent biological repeats for each mutant sample. Cells were harvested and serially diluted in distilled water for cell counting. Diluted cell suspensions were counted on a hemocytometer, and 200 cells were inoculated onto YPD (2% glucose) agar plate. The plates were incubated at 30°C until colony formation.

Measurement of intracellular ATP levels
---------------------------------------

ATP was extracted from yeast cells by using a previously described method ([@b7-molce-38-12-1054]). Cultured yeast cells were washed with distilled water 3 times and immediately frozen using liquid N~2~. Frozen samples were stored at −70°C until use. We measured ATP levels in the extracts according to the manufacturer's protocol (ATP colorimetric/fluorometric kit; Biovision, USA). The excitation and emission wavelengths were 535 nm and 587 nm, respectively, and fluorescence was measured using a multilabel plate reader (Victor3, Perkin Elmer, USA).

RESULTS
=======

Effect of ETC component single gene deletions on CLS
----------------------------------------------------

We determined the CLS of 33 single ETC gene KO mutants (Supplementary Table S1) by using a PI staining method. Of these 33 mutant strains, 14 showed a decreased CLS, whereas the CLS of the other KO strains was comparable to that of wild type. Single deletion mutants of the 3 genes encoding NADH dehydrogenase components (*nde1Δ, nde2Δ, and ndi1Δ*) did not alter the CLS. In contrast, the deletion mutants in complex II (*sdh1Δ, sdh2Δ,* and *sdh4Δ*) showed the shortest CLS among all tested mutants. The mutants that showed decreased CLS included the complex III deletion mutants *cor1Δ, cyt1Δ, qcr7Δ, qcr8Δ, and rip1Δ*, the complex IV mutants *cox6Δ, cox7Δ, and cox9Δ*, and the complex V mutants *atp4Δ, atp7Δ, and atp17Δ*. The other complex III, IV, and V mutant strains showed CLS that were comparable to that of the wild type ([Figs. 1A--1E](#f1-molce-38-12-1054){ref-type="fig"} and [Table 1](#t1-molce-38-12-1054){ref-type="table"}). To independently confirm the CLS of these short-lived KO mutants, we measured CLS using the CFU assay with biological repeats. CFU assay assesses colony formation ability of each cell, and PI assay assesses membrane integrity. Our CLS results showed a consistent pattern of viability; however, the viability pattern of CFU was shorter than PI. This shortened pattern could indicate that cell division mechanism might be damaged faster than membrane integrity during the chronological aging process of yeast ([Fig. 1F](#f1-molce-38-12-1054){ref-type="fig"}).

Growth phenotype of ETC deletion mutants
----------------------------------------

We measured the OD~600~ of these mutants during log and early stationary phase growth. The doubling time of the wild type strain was 86 min, and the doubling times of nearly all the KO mutants were comparable to that of wild type, except for *atp5Δ and atp15Δ*. Deletion of *ATP5* and *ATP15* prolonged the doubling time \> 2-fold and \> 3-fold compared to that of the wild type strain, respectively ([Fig. 2A](#f2-molce-38-12-1054){ref-type="fig"} and Supplementary Table S2A).

We observed differences in the maximum OD~600~ values of the mutants when we grew them until late stationary phase. Fourteen of the deletion strains showed maximal cell masses that were similar to wild type; however, the maximal cell mass of the remaining 19 strains, *sdh1Δ, sdh2Δ, sdh4Δ, cor1Δ, cyt1Δ, qcr2Δ, qcr7Δ, qcr8Δ, rip1Δ, cox6Δ, cox7Δ, cox9Δ, cox12Δ, atp1Δ, atp4Δ, atp5Δ, atp7Δ, atp15Δ,* and *atp17Δ*, were half that of wild type ([Fig. 2B](#f2-molce-38-12-1054){ref-type="fig"} and Supplementary Table S2B). Interestingly, we did not detect a diauxic shift in the growth curves of these strains. In addition, their growth was arrested after the OD~600~ reached 15, which was the initial point of the diauxic shift for the wild type strain. Strains with respiratory deficiency cannot use non-fermentable carbon sources such as ethanol, glycerol, and lactic acid. To assess respiratory deficiency, all KO strains were grown on YP agar plates containing glycerol as a single carbon source. Strains incapable of diauxic shift failed to generate colonies on YP glycerol plates. Nine mutants, *sdh1Δ, sdh2Δ, sdh4Δ, qcr10Δ*, *cox5aΔ, cox13Δ, atp19Δ, atp20Δ, and tim11Δ,* showed a weak response ([Fig. 3A](#f3-molce-38-12-1054){ref-type="fig"}). Furthermore, we measured the oxygen consumption of all KO strains at the post diauxic shift phase, during which the cells mainly grow by respiration. Consistently, strains incapable of diauxic shift could not consume oxygen, and *cox5aΔ* had much a lower oxygen consumption rate than the wild type. Exceptionally, *qcr9Δ* could not consume oxygen and it showed a weak response with a non-fermentable carbon source ([Fig. 3B](#f3-molce-38-12-1054){ref-type="fig"} and Supplementary Table S3). In addition, we analyzed the cell size and complexity of all KO strains using FACS analysis by forward- and side-scatter (FSC and SSC, respectively). Interestingly, the life span of these mutants showed a positive correlation with cell size (R = 0.80) but not with cell complexity (R = 0.24) ([Figs. 2C and 2D](#f2-molce-38-12-1054){ref-type="fig"}).

Effect of a single ETC component deletion on MMP
------------------------------------------------

The MMP is the major source driving ATP synthesis and other proton-motive-force dependent mitochondrial activities. In order to detect alterations in MMP due to deletion of a single ETC component, we measured the MMP of all KO strains by flow cytometry using DiOC~6~ fluorescence dye as the indicator during the chronological aging process, particularly at the exponential, post-diauxic, and stationary phases. The MMP of 28 and 19 mutants significantly differ from that of wild type at the post-diauxic phase and stationary phase, respectively. Although the MMP of these mutants did not significantly differ from that of wild type at the exponential growth, 28 mutants at Day 2 and 19 mutants at Day 12 showed significant alterations in MMP ([Figs. 4A and 4B](#f4-molce-38-12-1054){ref-type="fig"}, Supplementary Table S4). However, there was no significant correlation between viability and MMP at Day 12 (R = 0.24, [Fig. 4C](#f4-molce-38-12-1054){ref-type="fig"}).

Intracellular ATP levels in single ETC gene deletion strains
------------------------------------------------------------

ATP is the final product of the ETC and is synthesized by the F~1~F~0~-ATP synthase (complex V) using the proton-motive force in mitochondria. We measured intracellular ATP levels in all KO strains at Days 2 and 12. Fourteen of the strains showed a decrease at Day 2 and nineteen of the strains showed a decrease at Day 12, while 2 strains (cox5aΔ and cox12Δ) showed an increase in ATP levels at Day 12 ([Figs. 5A and 5B](#f5-molce-38-12-1054){ref-type="fig"}, Supplementary Table S5). In particular, strains carrying a deletion of a complex II component showed the lowest ATP levels at Day 12, and most respiration-deficient strains had ATP levels lower than that of the wild type strain. ATP levels were clearly positively correlated with viability (R = 0.68, [Fig. 5C](#f5-molce-38-12-1054){ref-type="fig"}).

Generation of mitochondrial superoxide in ETC component deletion mutants
------------------------------------------------------------------------

ROS are byproducts of the ETC respiratory system, and they are mainly produced by complex I and III during electron transport. We measured mitochondrial superoxide levels in all KO strains during chronological aging at the exponential, post-diauxic shift, and stationary phases using the MitoSOX^™^ Red specific indicator. At the exponential and post-diauxic shift phases, mitochondrial superoxide levels were undetectable in all the deletion mutants as well as the wild type strain ([Fig. 6A](#f6-molce-38-12-1054){ref-type="fig"} and Supplementary Table S6). However, at day 12, we observed significant alterations in superoxide levels in some of the KO strains. Deletion mutants of complex II-encoding genes, specially *sdh1Δ, sdh2Δ,* and *sdh4Δ*, produced the highest levels of mitochondrial superoxide ([Fig. 6B](#f6-molce-38-12-1054){ref-type="fig"} and Supplementary Table S6). Furthermore, mitochondrial superoxide generation and viability showed a significant negative correlation (R = −0.84, [Fig. 6C](#f6-molce-38-12-1054){ref-type="fig"}).

DISCUSSION
==========

ATP generation is the primary function of mitochondria. However, the mitochondrial ETC also generates deleterious ROS as byproducts. Hence, mitochondria play an important role in producing both essential energy and deleterious molecules in eukaryotic cells. In order to determine the importance of mitochondrial function in the determination of cellular life span, we analyzed the mitochondrial function and CLS of 33 mutants with single gene deletions in ETC components. In our study, 14 ETC deletion strains showed a short CLS, including *sdh1Δ, sdh2Δ*, *sdh4Δ*, *cor1Δ, cyt1Δ, qcr7Δ, qcr8Δ, rip1Δ, cox6Δ, cox7Δ, cox9Δ, atp4Δ, atp7Δ, and atp17Δ,* whereas the other strains showed normal life span ([Fig. 1](#f1-molce-38-12-1054){ref-type="fig"}). Interestingly, all short-lived deletion mutants attained approximately half the mass of the wild type in batch culture ([Fig. 2B](#f2-molce-38-12-1054){ref-type="fig"}). Most mutants did not show significant changes in growth rate during exponential phase, except *atp5Δ* and *atp15Δ* ([Fig. 2A](#f2-molce-38-12-1054){ref-type="fig"}); the growth rates of these 2 strains were prolonged 2- and 3-fold compared to that of wild type, respectively. The genes *ATP5* and *ATP15* encode oligomycin sensitivity-conferring protein (OSCP) and the epsilon subunit of ATP synthase complex, respectively. Both OSCP ([@b31-molce-38-12-1054]) and the epsilon ([@b15-molce-38-12-1054]) subunit are part of the ATP synthase complex, which is essential to maintain normal growth rates.

Complex I couples the transfer of electrons from NADH to ubiquinone with the translocation of protons; however, *S. cerevisiae* lacks complex I. Instead of complex I, reducing equivalents are delivered to the respiratory chain via 3 NADH dehydrogenases encoded by *NDE1*, *NDE2*, and *NDI1* ([@b19-molce-38-12-1054]). The single gene deletion mutants of NADH dehydrogenase showed wild-type-like CLS, growth, and MMP, ROS, and ATP levels. Previous reports showed that double and triple mutants of NADH dehydrogenase components exhibited impaired respiratory growth, whereas the single deletion mutants did not ([@b13-molce-38-12-1054]). Therefore, single gene deletions of NADH dehydrogenase components are insufficient to impair yeast growth.

Succinate dehydrogenase (SDH) plays a central role in the ETC and TCA cycle as an oxidase that converts succinate to fumarate and ubiquinone to ubiquinol. Mutants with a disruption of *SDH1, SDH2,* or *SDH4* showed a shortened life span and reduced mitochondrial efficiency due to lower ATP levels and higher mitochondrial superoxide levels, while maintaining MMP levels.

Complex III (cytochrome bc1 complex) is well-characterized as a major respiratory component in mammals and it catalyzes electron transport from ubiquinol to cytochrome c. We showed that several complex III respiratory deficient mutants, including *cyt1Δ, cor1Δ, qcr2Δ, qcr7Δ and qcr8Δ,* had shortened life span.

*COX4, COX6, COX7,* and *COX9* encode key components required for cytochrome C oxidase activity. In contrast, other genes in complex IV are not essential for this activity ([@b1-molce-38-12-1054]). Interestingly, single deletion mutants of *COX6, COX7,* and *COX9* showed a shortened CLS in our study. We did not test *COX4* because this deletion strain was not available in the deletion library. Our results suggest that cytochrome C oxidase activity is essential for maintaining a normal life span. The COX5p isoforms encoded by either COX5a or COX5b are components of cytochrome c oxidase subunit V. *COX5a* is primarily expressed under aerobic conditions, whereas *COX5b* is primarily expressed under anaerobic conditions. *Cox5a* deletion mutant had only 6% of the cytochrome c oxidase activity and respiration rate of the wild type strain, whereas *cox5bΔ* was similar to wild type ([@b30-molce-38-12-1054]). Consistently, our results also showed that the respiratory growth of *cox5aΔ* was decreased during chronological aging, whereas that of *cox5bΔ* was not. However, despite the reduced cytochrome c oxidase activity of the *cox5aΔ* strain, its CLS was similar to that of the wild type strain.

Among the complex V mutants, the single deletion mutants of *ATP4, ATP7,* and *ATP17*, encoding the b, d, and f subunits of ATP synthase, respectively, showed a shortened CLS. Both subunit b and d are components of the stator stalk of ATP synthase. Therefore, the absence of these genes could lead to structural instability of the F~1~F~0~ complex ([@b26-molce-38-12-1054]; [@b34-molce-38-12-1054]).

MMP is a pre-requisite for the generation of ATP by the ETC in the mitochondrial inner membrane. We detected no correlation between viability and MMP levels; however, viability was positively correlated with ATP levels and negatively correlated with mitochondrial superoxide levels ([Figs. 4B](#f4-molce-38-12-1054){ref-type="fig"}, [5B](#f5-molce-38-12-1054){ref-type="fig"}, and [6B](#f6-molce-38-12-1054){ref-type="fig"}). Null mutations of ETC components impair the flow of protons in the mitochondrial ETC system. Our results suggest that an impaired mitochondrial ETC system affects longevity by decreasing mitochondrial efficiency by uncoupling MMP from ATP production, which increases the generation of ROS by electron leakage. The decreased ATP might cause consequences of the smaller cell size and approximately half cell mass in the short-lived mutants. In addition, several organic acids could be accumulated in the culture medium during the chronological aging process, and they cause pH change. Although we did not test these factors, they may also limit CLS of these mutants.

At the stationary phase, the short-lived strains had lower cell mass (P = 1.2 × 10^−5^), cell size (P = 3.6 × 10^−7^), cell complexity (P = 4.5 × 10^−8^), and ATP production (P = 3.6 × 10^−8^), but higher mitochondrial superoxide levels (P = 4.1 × 10^−3^) than the mutants with normal life span. However, the MMP levels did not differ significantly between these 2 groups ([Fig. 7A](#f7-molce-38-12-1054){ref-type="fig"}). These results suggest the presence of efficient mitochondria that produce more ATP than ROS when the MMP is sufficient. We also analyzed the effect of respiration on viability. We separated the 33 mutants into 2 groups, respiratory or non-respiratory. We did not observe a difference in the viability and superoxide production between them. The non-respiratory mutants showed higher MMP levels (P = 0.01), but lower ATP levels (P = 0.01), than the respiratory mutants. As expected, respiration deficiency due to mutation decreased cell mass (P = 1.8 × 10^−8^), cell size (P = 0.03), and cell complexity (P = 2.47 × 10^−9^) ([Fig. 7B](#f7-molce-38-12-1054){ref-type="fig"}). In conclusion, these results suggest that mitochondrial efficiency, but not respiration, is the prerequisite to a longer life span.
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![Viability of *S. cerevisiae* strains with single deletions in electron transport chain (ETC) genes. (A--E) The chronological lifes pan (CLS) of strains with a single gene deletion in NADH dehydrogenase (A), complex II (B), complex III (C), complex IV (D), and complex V (E) was measured by a propidium iodide (PI) assay. (F) Independent validation by colony forming unit (CFU) assay for 14 short-lived strains selected by abovementioned method. Error bars indicate standard deviation. ^\#^Short-lived strains.](molce-38-12-1054f1){#f1-molce-38-12-1054}

![Growth phenotype of mutants with ETC single component deletions. (A, B)Cell doubling time during exponential growth (A) and maximum cell mass (B) of ETC single gene deletion mutants. (C) Correlation between viability and cell size. Forward-scattered light (FSC) of flow cytometry was used for cell size. (D) Correlation between viability and cell complexity. Side-scattered light (SSC) of flow cytometry was used for cell complexity. Error bars indicate standard deviation. ^\#^Short-lived strains.](molce-38-12-1054f2){#f2-molce-38-12-1054}

![Fermentative and respiratory growth of ETC single gene deletion mutants. (A) Each mutant strain was spotted on yeast extract-peptone-dextrose (YPD; 2% glucose) and yeast extract-peptone-glycerol (YPG; 3% glycerol) agar plates to detect respiratory deficiency. (B) The oxygen consumption rate (OCR) of ETC single gene deletion mutants at day 1. Error bars indicate standard deviation. ^\#^Short-lived strains; ND, Oxygen consumption was not detected.](molce-38-12-1054f3){#f3-molce-38-12-1054}

![Mitochondrial membrane potential (MMP) of ETC single gene deletion mutants. (A, B) MMP was measured in ETC single gene deletion mutants at Day 2 (A) and12 (B), respectively. (C) Correlation between viability and MMP at Day 12. Error bars indicate standard deviation. ^\*^Significant difference from wild type (P \< 0.05); ^\#^Short-lived strains.](molce-38-12-1054f4){#f4-molce-38-12-1054}

![Intracellular adenosine triphosphate (ATP) levels in ETC single gene deletion mutants. (A, B) Intracellular ATP level was measured in ETC single gene deletion mutants at Day 2 (A) and 12 (B), respectively. (C) Correlation between viability and ATP at Day 12. Error bars indicate standard deviation. ^\*^Significant difference from wild type (P \< 0.05); ^\#^Short-lived strains.](molce-38-12-1054f5){#f5-molce-38-12-1054}

![Mitochondrial superoxide formation in ETC single gene deletion mutants. (A, B) Mitochondrial superoxide production was measured in ETC single gene deletion mutants at Day 2 (A) and12 (B), respectively. (C) Correlation between viability and mitochondrial superoxide formation at Day 12. Error bars indicate standard deviation. ^\*^Significant difference from wild type (P \< 0.05); ^\#^Short-lived strains.](molce-38-12-1054f6){#f6-molce-38-12-1054}

![(A, B) Comparisons between wild type-like mutants and short-lived mutants (A) and respiratory and non-respiratory mutants (B).](molce-38-12-1054f7){#f7-molce-38-12-1054}

###### 

Mean and maximum CLS of *S.cerevisiae* strains with single deletions in electron transport chain (ETC) genes.

  Strain    CLS          Strain       CLS        Strain       CLS                                  
  --------- ------------ ------------ ---------- ------------ ------------ ---------- ------------ ------------
  WT        21.0 ± 0.9   \> 36        *qcr8Δ*    10.2 ± 0.6   17.0 ± 1.4   *atp1Δ*    19.4 ± 0.4   30.8 ± 0.5
  *nde1Δ*   20.1 ± 1.2   \> 36        *qcr9Δ*    23.9 ± 1.1   \> 36        *atp4Δ*    12.0 ± 0.0   18.6 ± 0.2
  *nde2Δ*   20.4 ± 0.8   \> 36        *qcr10Δ*   23.5 ± 0.6   35.8 ± 0.0   *atp5Δ*    22.4 ± 1.0   \> 36
  *ndi1Δ*   20.8 ± 0.4   \> 36        *rip1Δ*    12.8 ± 0.4   21.5 ± 0.6   *atp7Δ*    9.3 ± 0.6    18.1 ± 0.5
  *sdh1Δ*   6.4 ± 0.0    9.4 ± 0.0    *cox5aΔ*   22.5 ± 1.0   \> 36        *atp15Δ*   17.4 ± 0.2   33.5 ± 0.2
  *sdh2Δ*   8.4 ± 1.8    11.6 ± 0.9   *cox5bΔ*   21.2 ± 0.1   \> 36        *atp17Δ*   11.4 ± 0.3   18.1 ± 0.1
  *sdh4Δ*   6.4 ± 0.0    9.5 ± 0.0    *cox6Δ*    14.1 ± 0.4   22.5 ± 0.4   *atp18Δ*   19.2 ± 0.2   36.1 ± 1.2
  *cor1Δ*   13.7 ± 0.1   22.7 ± 0.2   *cox7Δ*    12.2 ± 0.6   19.4 ± 1.0   *atp19Δ*   24.9 ± 3.6   \> 30
  *cyt1Δ*   11.6 ± 0.4   19.8 ± 1.7   *cox8Δ*    25.7 ± 0.7   \> 36        *atp20Δ*   20.3 ± 0.5   \> 36
  *qcr2Δ*   20.5 ± 0.6   \> 36        *cox9Δ*    12.2 ± 0.5   21.1 ± 0.7   *tim11Δ*   20.4 ± 0.0   \> 36
  *qcr6Δ*   22.7 ± 2.4   35.8 ± 0.3   *cox12Δ*   21.2 ± 0.5   \> 36                                
  *qcr7Δ*   10.5 ± 0.5   20.2 ± 2.2   *cox13Δ*   22.1 ± 1.1   \> 36                                

Calculation of mean and maximum CLS (10% surviving) was based on [Figs. 1A--1E](#f1-molce-38-12-1054){ref-type="fig"}.

###### 

Phenotype summary of the studied ETC KO strains

  Complex              Strains    CLS   Maximum cell mass   OCR   YPG   ROS   ATP
  -------------------- ---------- ----- ------------------- ----- ----- ----- -----
  NADH dehydrogenase   *nde1Δ*    ↔     ↔                   ↔     ↔     ↔     ↔
  *nde2 Δ*             ↔          ↔     ↔                   ↔     ↔     ↔     
  *ndi1Δ*              ↔          ↔     ↔                   ↔     ↔     ↔     
  II                   *sdh1Δ*    ▼     ▼                   ↔     ▼▼    △     ▼
  *sdh2Δ*              ▼          ▼     ↔                   ▼▼    △     ▼     
  *sdh4Δ*              ▼          ▼     ↔                   ▼▼    △     ▼     
  III                  *cor1Δ*    ▼     ▼                   ▼▼▼   ▼▼▼   ↔     ▼
  *cyt1Δ*              ▼          ▼     ▼▼▼                 ▼▼▼   ↔     ▼     
  *qcr2Δ*              ↔          ▼     ▼▼▼                 ▼▼▼   ▼     ▼     
  *qcr6Δ*              ↔          ↔     ▼                   ↔     △     ↔     
  *qcr7Δ*              ▼          ▼     ▼▼▼                 ▼▼▼   ↔     ▼     
  *qcr8Δ*              ▼          ▼     ▼▼▼                 ▼▼▼   △     ▼     
  *qcr9Δ*              ↔          ↔     ▼▼▼                 ↔     ▼     ↔     
  *qcr10Δ*             ↔          ↔     ↔                   ▼     ↔     ▼     
  *rip1Δ*              ▼          ▼     ▼▼▼                 ▼▼▼   ▼     ▼     
  IV                   *cox5aΔ*   ↔     ▼                   ▼▼    ▼     ↔     △
  *cox5bΔ*             ↔          ↔     △                   ↔     ↔     ↔     
  *cox6Δ*              ▼          ▼     ▼▼▼                 ▼▼▼   ↔     ▼     
  *cox7Δ*              ▼          ▼     ▼▼▼                 ▼▼▼   ↔     ▼     
  *cox8Δ*              ↔          ↔     ↔                   ↔     ↔     ↔     
  *cox9Δ*              ↔          ▼     ▼▼▼                 ▼▼▼   ↔     ▼     
  *cox12Δ*             ↔          ▼     ▼▼▼                 ▼▼▼   ▼     △     
  *cox13Δ*             ↔          ↔     ↔                   ▼     ↔     ↔     
  V                    *atp1Δ*    ↔     ▼                   ▼▼▼   ▼▼▼   ▼     ▼
  *atp4Δ*              ▼          ▼     ▼▼▼                 ▼▼▼   ↔     ▼     
  *atp5Δ*              ↔          ▼     ▼▼▼                 ▼▼▼   ▼     ▼     
  *atp7Δ*              ▼          ▼     ▼▼▼                 ▼▼▼   △     ▼     
  *atp15Δ*             ↔          ▼     ▼▼▼                 ▼▼▼   ▼     ▼     
  *atp17Δ*             ▼          ▼     ▼▼▼                 ▼▼▼   △     ▼     
  *atp18Δ*             ↔          ↔     ↔                   ↔     ↔     ↔     
  *atp19Δ*             ↔          ↔     ▼                   ▼     ↔     ↔     
  *atp20Δ*             ↔          ↔     ↔                   ▼     △     ↔     
  *tim11Δ*             ↔          ↔     ↔                   ▼     △     ↔     

Symbols indicate a significant (P value \< 0.05) increase (△), decrease (▼), or no change (↔).

The number of symbols indicate the extent.

Significant difference for maximum cell mass counts both fold-change \> \|2\| and *P* value \< 0.05.
